
NUREGICP-0098 
CONF-880822 
Vol. 2 

Proceedings of the 
20th DOE/NRC Nuclear 
Air Cleaning Conference 
Sessions 6 - 15 

Held in Boston, Massachusetts 
August 22-25, 1988 

Date Published: May 1989 

: 

Edited by 
M. W. First 

Sponsored by 
Office of Nuclear Safety 
U.S. Department of Energy 
Washington, DC 20585 

Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Harvard School of Public Health 
The Harvard Air Cleaning Laboratory 
665 Huntington Avenue 
Boston, MA 02115 

Proceedings prepared by 
The Harvard Air Cleaning Laboratory 

. 
i 
, 

a 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

THEFLOWR.ESISTANCEOFHEPAFILTEES 
INSUPERSATURATEDAIRSTREAMS* 

C. I.Bicketts,V.Puedinger,J.G.Wilhelm 

KernforschungszentrumKarlsruheGmbH 
Laboratoriumfuer AerosolphysikundFiltertechnik 

Postfach3640,D-7500Karlsruhel 
FederalRepublic of Germany 

Abstract 

A loss of coolant accident or fire suppression with water sprays 
would release free moisture into the airwithinthe containment building 
of anuclearreactor.The resultinghighairhumiditycouldbe expectedto 
unfavorably affect the behavior of the HEPA filters in the facility air 
cleaning systems. Still to be found in the literature are instances of 
moisturerelateddeterio~ationinfilterperformanceduringless serious 
incidents, and even during normal operations. One phenomenon which con- 
tributes to filter failure, and which also causes air-cleaning system 
malfunction characterized by drastically reduced flow rates, is the in- 
crease in filter differential pressure resulting from supersaturated 
airflow. 

In order to better evaluate the performance and the reliability of 
filters exposed to fog, a study of the factors which influence filter 
pressure dropwas carried out intests of cleananddust loadedfullscale 
HEPA-filterunits. Investigatedweretheeffects of severalairstreampa- 
rameters and such filter characteristics as manufacturer, design, pack 
geometry, extentandtype ofdustloading, aswellaspleatorientationto 
the airflow. Adiscontinuous gravimetricmethodemployingfull-sizefil- 
ter units as sampling filters was successfully implemented to determine 
the average liquidmoisture contentofthe airstreamwith anuncertainty 
of 5 10%. 

Thedustloadinginfiltersremovedfromservice andtheliquidmois- 
ture content of the air proved to most adversely affect the rate and ex- 
tent of the pressure drop increase. Reductions in the susceptibility of 
clean filters to pressure drop increases can be obtained by changes in 
filter geometry, design or orientation to the airflow that enhance the 
drainage of water from the filter medium. However, the predominance of 
the adverse influence of dustloadingappearstobe able to counteract the 
effectiveness oftheimprovements studied. 

*Work performed under the auspices of the Federal Ministry for the Envi- 
ronment, Nature Conservation and Nuclear Safety under Contract No. SB 
290/l. 
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I. Introduction 

Maintaining effective particulate filtration in airstreams under 
abnormal conditions involving high humidity is one important challenge 
posed in providing for the reliability of air cleaning processes within 
nuclear facilities during accident situations. The relatively fragile 
High Efficiency Particulate Air (HEPA) filter units in air cleaning sys- 
tems play a crucial role in preventing the release of airborne radioacti- 
vity from contaminated zones. Filter behavior under adverse operating 
conditions whichmightbe expected to follow an accident continues to be 
investigated: particularly with regard to improving and qualifying fil- 
terperformance, as reportedhere. The empiricaldataneededto model the 
flow dynamics within air cleaning systems under accident conditions are 
alsobeingpursued. 

SupersaturatedAirstreamsinAirCleaninnSvstems 

Somethirtyyears of development have resulted in filter units cha- 
racterizedbyadvancedlevels of performance and reasonable costs /l-4/. 
However, as evident by persistent reports in the literature /5, litera- 
ture surveyin6/, one remainingweakpointinfilter design is a sucepti- 
bilityto deterioration or failure in humid airflows. This is a serious 
drawback with respect to the possible introduction of significant 
amounts of sensiblemoisture into the airwithincontainmentareas resul- 
ting from fire extinguishing measures or a loss-of-coolant accident 
(LOCA). 

Even in operations considered to be otherwise normal, airmay enter 
an air cleaning systemwith an inocuous relative humidity and yet arrive 
at the filter units with apotentiallyharmful, higher relative humidity 
orinamorethreatening, saturatedstate. The diversionof airstreamsto 
parallel or to standby systems which initially have a temperature less 
than the air dew-point temperature can produce a liquid water content 
(LWC) inthe formof fine droplets, i. e., asupersaturatedstate. 

Comparatively small temperature decreases in an airstream of mode- 
rate relative humidity can lead to high relative humidities or states of 
slight supersaturation. This is illustrated inFig. lwherethetempera- 
turedecreases capable ofproducinghumidairconditionswithapoten,tial 
threat to filter performance are plotted against air dry-bulb tempera- 
tures between approx. 10 and100 OC. The curves are valid for standard at- 
mospheric pressure and a given initial70 % relative humidity (rh), a re- 
commended maximum 
/6/industloaded 4 

7,8/ due to the occurence of capillary condensation 
iltermedia athigherhumidities. Values used for the 

plots were calculatedusinghumidit 
theMollierpsychrometric chart/l0 7 

tables formoistair /9/ basedupon 
. 

It can be seen for 20 OCthat a decrease of 2 OC in the dry-bulbtem- 
perature is enoughto raise the relative humidityupto 80X, acondition 
sufficient to cause damagetothe filter medium in aged, dust loaded fil- 
ter units at design flow /6/. Should the same airflow be cooledby 6 OC, a 
slightly supersaturated state would exist at the resultant 14%. As a 
point of general reference, the LWC of this state corresponds to O.lg/mJ 

i 
g Hz0 per m3 saturated air), the order of magnitudetypicalfor anatural 
og /w- 
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Barometric preshe 101.32 kPa 

0 20 LO 60 80 OC 100 

Dry - bulb temperature 

Fig. 1: Temperature Decreases Necessaryto Produce Various States of Hu- 
midityforAirInitiallyat70Xrh. 

Airstreamswithliquidwatercontents intherange abovelg/m3could 
mostlikelybe expectedtobe causedbyamajor accidentinanuclearfaci- 
lity. Fog formation by water vapor condensation upstream of filters du- 
ring aLOCA or afire extinguishing proceedure wouldtendto be greatest 
at the time when the largest difference in temperature between the 
air-cleaning system components andthe airstreamexists. Whichvalues of 
LWC might be involved or how they would vary with time is not yet esta- 
blished. With respect to amaximum possible LWC limited only by aerosol 
physics, a value as high as 40 g/m3 has been generated in a laboratory 
apparatus/l2/. 

Discountingcontainmentspraysystemoperation,theupperlimitfor 
the liquid water content in the air of a reactor containment building a 
short time after aLOCA would probably be restricted to severalg/ma due 
to agglomeration and the relatively rapid fallout of larger droplets 
/13/. Since the settling velocity is a function of the droplet diameter 
squared /14/, the droplet size distribution becomes an important factor 
inestimatingthelifetime andbehaviorof awateraerosol. 

FilterFailureinHumidAirflows 

When the filter medium of a filter unit in an airstream suffers me- 
chanicaldamage,witharesultingirreversibledecreaseinfiltrationef- 
ficiencyto avalue below specification requirements, filter failure can 
be said to have taken place. The quasi-static forces of the airstream 
apply so-called "mechanical" loads on the filter as a structure. The dif- 
ferentialpressure (pressure drop) atwhichthe foldedfiltermediumwill 

670 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

first tear and lose its integrity is referred to as the structural limit 
ortheburststrengthofthefilter. 

This characteristic offers one means forjudgingthe ability of the 
filtermediumtowithstandthe internal stresses fromthemechanicalloa- 
ding on the filter pack and frame created by the airflow. In dry air the 
structural limit is determinedbyincreasingthe flowthroughthe filter, 
significantly above the manufacturer's rated value, until the filter me- 
diumtears. Tests in humid air can be carried out at design flow with an 
air moisture content high enough to bring about failure within a rea- 
sonableexposuretime. The structurallimitcanbe definedto be the value 
of differentialpressure belowwhichthefiltermediumwillremainintact 
andcontinuetofunctionproperly. 

Similarly, the mechanical load acting on a filter at any given time 
can be representedby filter differential pressure, to which it is gene- 
rally directly proportional. When in addition to the structural limit, 
the expectedmechanicalloads on a filter in an air cleaning systemhave 
been established, safety margins for the structuralintegrityofthefil- 
termediumcanbe calculatedforfiltersunderthe expectedconditions of 
operation. 

The capability of filters to remain intact or to function correctly 
in humid airflows is limited principally by the effects of free moisture 
onthe integrityandtheflowresistance ofthefiltermedium. Insupersa- 
turated airflows the primary process behind the incorporation of water 
intothefiltermediumisdroplet interceptionbythe fibers /15, 16/. The 
presence of liquidwaterinafiltermediumhasbeenestablishedtohave a 
number of adverse effects onfilterperformance characteristics /17, li- 
terature surveys in6,15&16/. 

Variationinthemechanicalloadingatconstantflowrate andinthe 
structural strength of filters during exposure to humid airflows is de- 
picted conceptually in Figure 2, for example. Both characteristics are 
represented here by filter differential pressure. Assumed is a constant 
high air humidity of > 80% rh for dust loaded filters or aLWC > 0.5 g/m3 
fornewcleanfilters. Thesetwominimumvalues of airhuinidityhave been 
observed to be sufficient to bringtypicalnucleargrade commercial HEPA 
filters to the course of failure shown inFigure 2. Evident is adecrease 
in structural strength and asimultaneous increase inmechanicalloading 
forfiltersinhumidairflow. 

Explanations for the decline in the structural limit include a sig- 
nificantreductioninfiltermediumtensile strength, andfordeep-pleat 
filters, a loss of tightness in the filter pack. Contact and mechanical 
interactionbetweenthe edges of the aluminiumseparators andthe ends of 
the pleats in the loosened pack also contributetothe decrease in struc- 
turalstrength/6,18/. 

Ingeneralthemechanicalloadingincreasesproportionallywiththe 
differentialpressure, as aresultofthe increase inflow resistance due 
to the blockage of the air passageways in the filtermediumbyliquid wa- 
ter. Filter design, the degree of air humidity, and previously captured 
dust particles inthe fibermatrix of the filtermediumare factors known 
tomostsignificantlyinfluencethe increaseinflowresistance /19/. 
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AP 

Structural limit 
filter failure 

0 = const 

0 
Time of exposure to high humidity airflow 

t 

Fig.2: The Variation of HEPA-Filter Mechanical Loading acd 8tructural 
Limit During Exposure to HighHumidity Airflows. 

Iftheincreaseinmechanicalloadingandthe decreaseinstructural 
strengthbecomelarge enoughthatthetwo curves intersect, then structu- 
ralfailure willoccur:possiblywithinafewrinutesforageddustloaded 
filters; after severalhours withnew clean ones. This worst-case conse- 
quence of filterexposuretohighhumidityairflow canbe preventedby mi- 
nimizingeitherthelossinstrengthortheincreaseindifferentialpres- 
sure; so as to keepthenechanicalloadingfroanearingthe structuralli- 
mit. Various countermeasures existwhichcanpartiallyaccomplish one or 
bothofthesegoals. 

One importantdevelopmentwasthatof filtermediawith ahigh water 
repellency value. This reducedboththe loss in tensile strength and the 
increase in flow resistance during moisture exposure. Another measure, 
theuse ofdemisters anddownstreamheaterslocatedupstreamof HEPA-fil- 
terunits,asinStandbyGasTreatmentSystems (SGTS) /20/, servetolower 
the humidity of the incoming airstream to a safe level. Signif icant 
thoughthese countermeasureshaveproventobe, they are notwithoutweak 
points andhave not yet totally succeeded in eliminating reports of mois- 
turerelatedfilterfailure. Radiationexposure, aging, anddustloading 
for instance,'can severely reduce the effectiveness of water repellency 
treatments. Heaters are often a parently designed to deal with a maximum 
airhumidityof onlylOOXrh/20 P andhavebeenknowntomalfunction /21/. 

Inamorerecent, firstreportedapplicationof aglass-fiber filter 
mediumreinforcedon one side with aclosely.woven scrim of coarser glass 
fibers (LYDALL Grade 3255 LWl improved filter strength at elevatedtem- 
peratures was attained /22/. 4 he same filter medium, augmented with spe- 
cially corrugated separators, has since been shown to also increase the 
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structural limits of deep-pleat filters in dry and supersaturated air- 
flows /23, 24/. The flow resistance increase of cleanhigh strength fil- 
ters in airstreams with aLWC of 5 g/mawas found to be lessthantypical 
commercial units /19 . 
signshowspromise o 4 

On the basis of strength alone, the new filter de- 
notable progresstowardthe elimination of structu- 

ral failure caused by moisture. But even should this prove to be reali- 
zable, the problemof air-cleaningsystemfailure resultingfromfilters 
becomingcloggedwithwaterwouldstillremaintobe solved. 

Malfunctionof Air CleaningSvstemsinHumid Airflows 

In this case, though the filter medium remains physically intact, 
the filter causes malfunction of the air cleaning systemby restricting 
the airflow to avaluelessthanthatnecessaryto fulfilldesignspecifi- 
cations. Particularly in supersaturated airstreams, water canblockthe 
upstream surface or fill the pores of the glass fibermatrixtothe point 
that filter flow resistance increases beyond the capability of the blo- 
werstomaintaintheminimumrequiredflowthroughthe system. 

This is illustratedschematicallyinFigure3byuse of the characte- 
ristic curve of theblowers and that of the systemflowresistance. Under 
normal conditions the intersection of these two curves, point 1, lies 
within the normal range of operation. If as a result of humid airflows, 
the pressure drop of the dustloadedHEPAfilters increases bythe amount 
Ap, such that the system resistance characteristic shifts from O-l to 
O-i, point 2 willbecomethe new system operating point. If as indicated 
here,the flow atpoint2lies inthe range below that of the specifiedmi- 
nimumvalue, ami*, insufficientairflowis available foraircleaningpur- 
poses. The resulting improper distribution of the subatmospheric pres- 
sureswithinthesystemposestherisk of aloss of confinement. 

AP 1 

A System 

I\- 
I/ - characteristic 

resistance 7 z 

i 

curve 

1 

Damper controlled 

system normal 

operating range 

Blower’s 

I 1 0 

[ 

Omin 0 lWX Q 

Airflow 

Fig. 3: DecreaseinAir-CleaningSystemFlowWithIncreaseinFlowResis- 
tance of Dust LoadedFiltersDuetoHighHumidity. 
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The Significance of the Increase inFlow Resistance of HEPA Filters in 
SuoersaturatedAirflows 

Airstreams withbetween 80 and 100% rhprimarilythreaten only dust 
loaded filters. At conditions above saturation, new clean filters also 
become subject to rapid deteriorations in performance. Due to the 
possibility that condensing water vapor could appear upstream of filter 
units during severe accident conditions, the subsequent effects on 
filterbehaviorneedtobetakeninto consideration. The increase in flow 
resistance associated with supersaturated airstreams canleadto filter 
structural failure andair-cleaningsystemmalfunction. 

In this context there are anumber of reasons for investigating the 
increase in filter flow resistance with respect to exposure time. The 
rate of increase canbeusedas an additionalcriterioninthe evaluation 
and the specification of filter performance. Aspects of filter design or 
geometry which could be used to minimize the increase need to be identi- 
fiedandoptimized.Yoreover, changesinfilterflowresistance asafunc- 
tion of time and airstreamparameters are requiredas empiricalinputfor 
computer modeling.of flow and pressure transients in air cleaning sys- 
tems. 

II. Fxnerimentalwork 

Obiectives. Test Filters, Test Facilitv, Instrumentation. and Proce- 
dures 

The influence of various filter and airstream parameters on filter 
flowresistanceinsupersaturatedairstreamswasinvestigatedbytesting 
some 120 nuclear-grade commercial HEPA filters of six different sizes 
from ten European manufacturers. The behavior of an additional thirty 
high-strength prototype filters from five manufacturers was also stu- 
died. 

Test filters includedsome withmetalframes for temperatures up to 
250 OC and several mini-pleat types. However, principal interest cen- 
tered on deep-pleat wooden frame units for service up to 130 W, due to 
their inherently better structural stability. All filters tested had a 
waterrepellentfiltermediumof glass fiber: the cleanand artificially 
loaded new filters as well as the dust loaded ones removed from routine 
service in the air cleaning system of a laboratory at Karlsruhe Nuclear 
BesearchCenter(KfK)/6/. 

The standard conditions for the majority of tests were 5 g/mJ, 
1700ms/h, and 20 W. Some tests also included liquid water contents of 
0.6, 1.0, 2.5, and 10 g/m 3,the maximum possible inthetest facility. A 
number were also performed at other flow rates and temperatures. A few 
were alsorunwiththe filterpleats orientedhorizontally instead of ver- 
tically. Filter behavior in verticalairstreams, for flow in the upward 
andinthedownwarddirection, couldalsobeinvestigatedto some extent. 

Tests were conductedinthetestfacility TAIFUN /25, 26/located at 
KfK. As indicated schematically inFigure 4,thetestfilter was mounted 
in the 4thtest osition of the l-m diameter test section. A metal fiber 

'. HEPA filter /27 P inteststation6 servedas aguardto protecttheblower 
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from water droplets and debris released by test filters at failure. The 
airflow in the duct between the test section outlet and the inlet to the 
two-stageblowerwas keptatambientatmospheric pressure as areference 
fortheflowmeasurement. 

Inthe high pressure side of the system, the airflow canbe directed 
fromtheblowerdischargethroughanumberof componentsforconditioning 
to the required temperature and relative humidity, before it enters the 
test section. Aphoto ofthelO-mlongtestsection, lookingupstreamfrom 
the test sectionoutlet, is ShowninFigure 5. To generate supersaturated 
conditions, uptol8pneumatic atomizingnozzles sprayawateraerosol in- 
to the airstreamintheflowdirection, 4.8mupstreamofthetestfilter. 
Condensate, falloutfromthewater aerosol, andrunoff waterfromfilters 
and droplet separators drain from outlets at the bottom of the test sec- 
tion. 

During testing, steam was unfortunately not available and the air 
enteredthetest section at relative humidities as lowas 667,, correspon- 
ding to a dry-bulb temperature 4 OC higherthanthe 20 OC atthetest fil- 
ter, for example. The water spray had to be depended uponto cool the air 
downto saturationatthetesttemperature aswellasto supersaturate the 
airflow. Hence, obtaining reliably constantliquidwater contents inthe 
range between0.6 and2.5 g/mlwas best accomplished by employing no less 
than12 ofthel8nozzles andremovingmoistureinexcess ofthetestvalue 
with the help of a wave-plate droplet separator in position 1. For LWCs 
above 2.5uptolOg/m3thedropletseparatorwasremoved. 

Drodet 

Bypass 

HEPA Guard I 

Demo 
LWC 

Test Section Heater dv ’ ywss 

Cooler Two Stage 
Blower 

Flow 

Measurement 

Fin. 4: Schematic oftheTest FacilityTAIFUN. 

Airstream parameters measured just ahead of the test filter inclu- 
ded: dry-and wet-bulbtemperaturesto an accuracy of f 0.1% with cali- 
brated 4-wire platinum resistance thermometers in an aspirated psychro- 

i 
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meter (ADOLF THIES GmbH & Co., Mod. 1.1112.10), and pressures with vari- 
able reluctancetransducersto anaccuracyof flOOPa.Forhigheraccura- 
ties of fl0 Pa, au-tube watermanometerwas also employed when necessa- 
ry. The temperatures andfilterpressure drop were registered with chart 
recorders. Amercury column barometer served for reading ambient atmos- 
phericpressure. 

After leavingthetest section, thetestair flowedtothe flowmea- 
suringstationviaabypass andfinallybacktothe blower inlet. The air: 
flow was measured with a vortex flow meter (YOKOGAWA Electrofact, Mod. 
YFlOO)to anaccuracyof f20m3 handregulatedbywayof electronic speed 
control of the blower motor. d or tests in verticalairstreams a commer- 
cialfilterhousing/7/ (H. KBANTZGmbH&Co., Nuclear Karlsruhe, Mod. VS) 
connected to the nozzle inspection port upstream of test station 1, 
served as abypasstothe test sectionwhichhadbeenblocked off to air- 
flowbyaplateintestposition3. 

Sprav Svstem Operation. 
Mod.No.l/4JSS) 

The spray nozzles (SPKAYING SYSTEMS CO., 
were consistentlyoperatedatamanifoldpressure of 100 

kPawithwaterflows of between0.5and2.5l/hpernozzle, dependingupon 
airstreamflow andLWC. The feed water was heated to 30 OC and maintained 
at a pressure of 200 kPa in the storage tank upstream of the manual flow 
controlvalve. Rotameters were usedto measure the air and water flows to 
the nozzles. Aphoto of three ofthenozzlestakenduringservice is shown 
inFigure 6. Nozzle operationcouldbemonitoredvisuallythroughaplexi- 
glass flange 0.5mindiametermountedonthe side of the test sectionbe- 
side the ring shapedmanifolds supportingthe nozzles. 

Despite water treatment and filtration, apartialand sometimesto- 
tal clogging of several nozzles would frequently occur after some hours 
of operation. To prevent this from reducing the airstream LWC during 
tests, not all nozzles initially had access to feed water. From 4 to 6 
nozzles atthetop of the gravity-fedsupplylinewereleft inreserve and 
available to automatically take over for any that clogged. When anozzle 
ceased spraying, the waterlevelinthe manifold would rise uptothe le- 
velofthelowestreservenozzlewhichwouldthenbeginoperation. Onlyto 
attainlOg/mJdiditprovenecessarytouse alll8nozzles simultaneously 
intestswhichlastedlessthan0.5h. Thenozzleshadtobe cleanedrather 
frequently, often onadailybasis. 
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Fiz.5: ViewAlongtheSideof 
theTest Section. 

Fia.6: Photo of SprayNozzles 
DuringOperation. 

MeasurementoftheLiquidWaterContentoftheAirstream. Adiscon- 
tinuous integralgravimetricmethodwas selectedasthe simplestandmost 
reliable means to measure the average liquid water content of the air- 
stream. Commercial deep-pleat nuclear grade HEPA filters in the 
6lOx6lOx292-mm size served as the sampling filters for this method. One 
important requirement for such filters is ahigh water holding capacity 
prior to incipient runoff from the droplet collecting upstream surface. 
Also desirable is aresidualstabilityunder wet conditions after repea- 
ted use involving up to some 50 wetting and drying cycles. Filters were 
driedby areverse flow of air at 30 OC after measurements, in order to be 
usedseveraltimes duringthe course of atestingday. 

The best filters forthis applicationturned outtobe highstrength 
unitswithawovenglass-fiberscrimbondedtoone side of the filtermedi- 
urn. To delay surface runoff for as long as possible, the filters were in- 
stalled so that the scrimwas on the upstream side, i. e., in an orienta- 
tiontotheairflowoppositethat innormalservice. 

The measuring procedure was begunbyrunningthetestrigupto stea- 
dy-state conditions of temperature, flow, andhumiditywithout a filter 
inthetestposition. The desiredliquidwatercontenthadbeeninitially 
set to an approximate value by adjusting the water flow through the 
nozzles to a level determinedinprevioustests. By shutting off the com- 
pressed air supply to the spray nozzles for approximately two minutes, 
the flow of water droplets couldbe stoppedforlongenoughto quicklyin- 
stall ameasuring filter inthetest position. The airstream itself con- 
tinued to flow uninterrupted through the test section. The nozzle air 
supplywasthenturned on again for apredetermined, measuredtime during 
which the water droplets of the airstream were collected by the filter. 
Filters, used only in an initially dry state, were carefully weighed be- 
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foreandaftereachmeasurementwithanuncertaintyof f0.5g. 

It was assumedthatthe entireliquidwater content of the airstream 
was interceptedbythe high efficiency filter medium during the measure- 
ment and that no water escaped as runoff from the filter. No fog was ob- 
served leavin the downstream side of measuring filters which were dis- 
posed of the B irst time any moisture was visually detected on the down- 
stream side. When water was found to have run off from the filter medium 
upstreamsurface,themeasurementwas also consideredtobe invalid. 

Through measurement of the flow, Q, the exposure time, t, and the 
mass of the water capturedbythe sampling filter; M,, the average liquid 
watercontentoftheairstream,LWC, canbe calculatedby 

LWC=& 

Based onthe experience gainedduringtesting,themaximumamount of 
water a measuring filter could be expected to reliably and repeatedly 
collect without the risk of runoff was about 2.5 kg. Depending upon air- 
flow andliquidwater content, this limitedmeasuringtimesto as little 
as 10 minutes in some cases. Times of 15 or 20 minutes were most common 
with60minutes consideredto be apracticalupperlimit. 

It normally required an iterative process of several measurements 
and adjustments in the LWC of the air prior to an actual test before the 
value soughtcouldbe attained.Duringbothmeasurements andteststhewa- 
terandairflowtothe spray nozzles aswellasthe airstreamtemperature 
andflowrate were held constant. In general, tests were rununtilfilter 
structural failure occurredoratime of 20hhadelapsed. 

At the end.of each test the LWC was measured again. The average of 
this value andthe one obtainedjustpriortothetest, was consideredthe 
most representative one. In almost no case did the two measurements 
differfromeachotherbymorethanlO%. The uncertainties /28, 29/ofthe 
measurements were calculated to be no greater than 10% of the measured 
valueinthe range of LCWsbetween0.5andlOg/m3. 

.In order to at least qualitatively record the LWC during tests, an 
aspiratedpsychrometeroutfittedwithaheatingelementatthe inlet/30/ 
satinthebottomofthetestsection0.5mupstreamofthetestfilterdu- 
ring testing. The humidity of the air entering the instrument could thus 
be reducedto ameasurablevaluebelowl007.rhbyheatingthe air andvapo- 
rizing the droplets. Though in principal this method could be used to 
quantitativelydeterminethe LWC of the airstream, practical experience 
indicatedthatmore development and calibrationtimethan was available 
wouldhavebeenrequiredto achieve this. 

III.TestBesults 

CharacteristicsoftheWaterAerosol 

Early inthetestprogramthe size distribution of the airstreamwa- 
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ter droplets was determined at the midpoint of the duct cross section in 
testposition4,Measurementsunderisokineticconditionsweremadeatan 
airflow of 1700mQ/h and aLWC of lg/mQusing a scattered-light particle 
size countinganalyzerl31/ capable of detectingdropletswithdiameters 
in the range from about 2to 100 /.m~. Sampling times lasted for 120 s. The 
results are shown in Fi 
than fractions /14, 32 7 

ure 7 where the number andmass cumulative-less- 
of the water droplets are plotted. The number 

fractionvariesfromsome2to20~withanumbermediandiameterof5/Im. 
Ninety-five percentofthedroplets were foundto have diameters < IO*. 
Themass mediandiameter is seento be slightlygreaterthan7p. Avalue 
of 9.5xlOQdroplets/mJwas establishedforthefogconcentration. 

With the given test conditions and assuming minimal agglomeration, 
it can be shown that due to settling no droplets with diameters > 50 /.zt 
could have reached the measuring probe. Other authors using cascade im- 
pactors havemeasureddroplet sizes up to aboutl00pforthe same nozzle 
type /33, 34/. The absencehere of appreciable numbers of droplets in the 
range between 20 and 50~maybe due to dif.ferences inthe operating con- 
ditions ofthetestfacilities orofthenozzles. 

Due to settling and visible fluctuations in the fog concentration 
along the test section height and width, the droplets could not be con- 
sideredto be uniformlydistributedintime or space. This was amgjorrea- 
sonforselectinganintegralmethodtomeasuretheLWC. 

1 I I I I 1 I I II 

Number 

I I I I I I I 

10 w 100 

Fog droplet diameter 

Fin. 7: Number and Mass Cumulative Frequencies of Water Droplets Me: 
suredatTestStation4inthe Test Facility TAIFUN. 
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Increases in Filter Flow Resistance in Tests With Supersaturated Air- 
streams. 

Filter Behavior During Tests. As with the sampling filters, the 
downstream face of test filters was visually monitored during tests. One 
characteristic observedwithallfilters, regardless of design,manufac- 
turer or condition of loading, was the appearance of liquid water on the 
downstream side after some period of time. Depending primarily upon the 
water repellency of the filter medium and the state of supersaturation, 
small puddles or slowmoving rivulets would generally appear on the hori- 
zontalsurface of the adhesive at the bottom of the pleats between10 and 
60minafterthe startoftests, atpressuredropsbetween0.3andl.5kPa. 
In a few cases water drops were first observed falling from the edges of 
the separatorsuptol00mmabovethe bottomofthe pleats, presumably the 
resultofpinholes or smalllocaldamagesinthefiltermedium. 

In the next phase of behavior for clean deep-pleat filters, runoff 
water appeared on the ends of the pleats followed by sprays of droplets 
emenating from the pleat ends andthetriangular channels formed by fil- 
ter medium and separators. This process usually began within some 1OOmm 
fromthe bottomof the filter and spreadupwardtothetop of the pleats in 
some 10 to 60 min. Based on visual observations, the diameters of these 
filter generated droplets were estimated to lie in the range of several 
hundred to several thousand p. Droplets produced by the atomizing 
nozzles were visible on the downstream side of filters only after severe 
damage or in tests of low efficiency filters. Foam consisting of several 
layers of bubbles some 2- 5 mm in diameter formed on the downstream side 
of filters fromafewmanufacturers forupto several hours. 

One characteristic of the second phase in most tests was atransi- 
tionfromauniformto anonuniformvelocitydistribution in the air lea- 
vingthe filter. In traverses made fromthe bottomtothe top of the fil- 
ter, the velocitytendedto increase. The distribution across the filter 
width also exhibited random local fluctuation but with no clear trend. 
These observations also revealed some areas where no airflow at all was 
evident. The changes in velocity distribution correlated in most cases 
with an initial linear increase in filter pressure drop up to between 
roughly 0.5to 1.0 kPa. The clogging of the filter medium frombottomto 
top is assumed to be the result of the drainage of water fromtopto bot- 
tom. Random localized areas with little or no airflow are probably rela- 
tedtothe looseningofthe filterpackwhichistypicalfor operationun- 
derhighhumidities/6/. 

Following the transition phase, the steepest increase in the pres- 
sure drop coincidedintime withthe resultingvelocitydistributions in 
whichmost of the flow exited the filter within some 1OOmm of the top of 
the pleats. The airvelocityinthe areabelowwas approx. an order of mag- 
nitude smaller. This is consideredthethirdandfinalstageinthe course 
of the increase in filter differential pressure in clean deep-pleat fil- 
ters. Dustloadedfilters generallydidnot exhibitnonuniformdistribu- 
tions inthe exit airvelocityduringtests. The pressure dropusuallyin- 
creaseduptothe point of structural failure so quicklythatno signifi- 
cantdrainage couldoccur. 

The Effects of Various Parameters on Filter Flow Resistance. The 
effect of filterdesign ontheincrease in filter flow resistance is illu- 
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stratedinFigure 8. The results fromtwenty standard deep-pleat filters 
frpmfivemanufacturers are summarized. These includedfourfilterswith 
metal frames for use atelevatedtemperature, each from a differentmanu- 
facturer. Results for two of three hi h capacity deep-pleat types with 
wooden frame and design flow of 2500m3 7 h fallwithinthe range of 0.75to 
4.8h. Thepressuredropofthethirdroseto 7kPainllh. The standardmi- 
ni-pleat type is represented by tests of two filters from separate sour- 
ces. Differential pressures of high capacity mini-pleat filters of 
3OOO-m3/hdesignflowfromthree othermanufacturers increasedto 2.5kPa 
inl.l,2.5,and4.2h,respectively. 

Based on earlier tests with similar filter units, the rather wide 
variationinthe resultswithindesigngroups canprimarilybe attributed 
to differences in the water repellency of the filtermediainvolved. Wa- 
terrepellencymeasurements are plannedforthe filters tested. The elon- 
gation and stiffness properties of the filtermediummay alsoplayarole 
in the case of deep-pleat filters where deformation of the pleatsalong 
the peaks of the separator corrugations can decrease the surface area 
available for air flow. The rather poor performance of the mini-pleat 
units is explained by the weak panels of filter medium which deform and 
close off to airflowatrelativelylowpressuredrops,especiallyathigh 
humidity. 

Filters : clean 

610 x 610 I 292 mm - 

-- Deep pleat 
for eiev. temp 

LWC = 5glmJ 

Exposure time 

Fin. 8: Ranges of Increase inFlow Resistance of Three Filter Designs at 
RatedFlow, 2OOC, and5g/m3. 

The influence of the airstream average liquid water content on the 
increase in flow resistance of clean filters from two manuf acturers can 
be seeninFigures 9 and 10. The curves of the CNtype inthe range of lto 
5g/m3showinitiallylinear,moderate slopesfollowedbysteepincreases 
in Ap at the end of the test. The extreme slopes indicate a widespread 
blockage of the pores in the filtermediumwithwater. An additionalfac- 

l * 681 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

tor in this case was the relatively pliable filtermediumwhich deformed 
over the peaks of the separator corrugations with increasing Ap. The re- 
sults of most cleanfilterstested showedthis general curve shape, usual- 
ly with a less extreme steepness at the end prior to structural failure. 
TestresultsfortheCNfiltersformedtheboundaryof 4.8hinFigure 8. 

The curves oftheVPtype filters fromasecondmanufacturerexhibit 
more of anS shapethanthose of the CNtype. The steepest part is followed 
by a gradual decay in slope toward the end of the test. The curves leave 
the impression that were it not for structural failure, an equilibrium 
statemighthave been reached. The S shapedcurves weretypicalfor clean 
deep-pleat filterswithwoodenframesfromonlytwo of the fivemanufactu- 
rers tested. They helped establish the left boundary of the range for 
deep-pleat filters in Figure 8 indicating that a low water repellency 
value maybe responsible. Pending proof viaactualmeasurements, further 
support for this hypothesis is provided by the results for dust loaded 
filters as illustratedinFiguresllandl2. Decreases of 20to 80"1,dueto 
dustloadingin service have beenestablishedfor similar filters tested 
earlier/6/. 

t 

Exposure time 

Fig. 9: Influence of the Air LWC on the Increase in Flow Resistance of 
CleanCNTypeFilterUnits atPatedFlowand20OC. 
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Filters : clean. deep Pleat 

610 x 610 x 292 mm 

type VP 
I I 

11.25 h 1 
I 
i.0 

Exposure time 

Fig.10: Influence of the Air LWC on the Increase inFlow Resistance of 
CleanVPTypeFilterUnits atBatedFlowand20OC. 

The curves for the SlightlyloadedCNtype filters have shapes some- 
whatdifferentfromthose of Figure 9. The extreme steepness atthe end of 
thetestis notevidentas for cleanCNtype filters. More significant is 
the net result of the dust loading, namelythe decrease in exposure times 
at which Aps large enough to cause filter failure or air-cleaning system 
maifunction are attained. Depending on the air LWC, the time elapsed in 
reachingahpof 3kPawasreducedbyfactors ofl5to 30dueto only slight 
loadings of dust. The pressure drops ofthethree filters of Fi,gurellaf- 
teractualservicelaybetween270and370Pabeforetesting. 

The filters represented in Figure 12 were loaded in service with 
dust up to pressure drops between 850 and 1100 Pa. The decrease in the 
slope of the curves after the initial steep rise in Ap is more evident 
herethanforthe slightlyloadedfilters. The rate of increaseupto 3kPa 
at the LWC of5 g/mais four times greaterthanthat for the slightlyloa- 
dedfilterof Figurell. The Apforthe filter tested atlessthanl007. rh 
almost reached an equilibrium condition before structural failure 
occurred. This provides anideaasto howthe flow resistance of dustloa- 
ded filters withhigher structural limits might increase with longer ex- 
posure to supersaturatedairflows. 

5 
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0 = 1700 m3ih 

a = 200~ I--- LWC = 1 - 5 g/m3 
- 

0 1.0 

Exposure time 

1.5 h 2.0 

Fk.11: Influence of Air LWC on the Increase in Flow Resistance of 
LightlyLoadedCNTypeFiltersatRatedFlowand20OC. 

k 

Q = 1700 m3ih 

a = 200~ 

96% rh z Humidity 5 5 g/m3 LWC 

I 

1 2 h 3 
Exposure time 

Fin.12: Influence of Air Humidityonthe Increase inFlow Resistance of 
HeavilyLoadedCNTypeFiltersatPatedFlowand20OC. 
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Another factor found to influence the flow resistance of clean fil- 
torsinsupersaturatedairstreamsisthedirectionof airflow. Anexample 
is illustratedbythethree curves to the right in Figure 13. The dashed 
line for a clean filter with vertically oriented pleats in ahorizontal 
airflow was liberally extrapolatedfrontestresults for 5g/masuchthat 
there is no questionthatthetineto maximum Ap couldnotbe greater than 
the 4 hindicated. The two curvestothe rightofthe dashedone represent 
results for cleanfiltersinverticalairstreams, one withthe flowdirec- 
tion upward (l), the other downward (r). 

Both filters in the vertical airstream at rated flow and 2.5 g/m3 
Show at least some advantage over the one in the horizontal airflow. Re- 
sults (not shown 

h 
from similar filter tests confirm the relative rela- 

tionship ofthet reeplots. The Apincreaseofthefilterinthedownward 
flowairstreamwaslimitedtolkPaafterl2h. This was attributedtothe 
improved drainage of water fronthe filternediuminthis configuration. 
unfortunately however, the runoff water drains only from the downstream 
side of the filter. The differences among the results for clean filters 
under the various flow conditions were on the order of hours. Those sepa- 
rating filters slightly loaded with dust were only on the order of mi- 
nutes, as seenfromthethree curves attheleftof Figure13. 

The orientation of the filter pleats in horizontal airflows also 
proved to affect the increase in filter differential pressure (not 
shown). In clean standard commercial units, the rate of Ap increase for 
pleats orientedhorizontallywas almost always greaterthanforvertical- 
ly oriented ones. Just the opposite was true for cleanhigh strength fil- 
terunits, for reasons that are notyetunderstood. It is to be expected 
that the ififluence of dustloadingwouldalso counteract the advantage to 
begainedbythisimprovement. 

ShowninFigurel4is a comparisonofthe Apincrease forcleanstan- 
dard commercial filters and high strength units, both types with deep 
pleats vertically oriented in horizontal airstreams at rated flow and 
5 g/m3 /19/. Represented are the results for nine high strength filters 
fromthreemanufacturers andthefilters as described for Figure 8. After 
20 h of exposure the pressure drop of the high strength filters had in; 
creased to between 4.4 and 6.8 kPa without failure or having reached an 
equilibrium value. The Aps of the standard filters had increased to 
values between roughly 3.5 and 9 kPaat structural failure within 4.8 h. 
The smaller Ap increase of the high strength filters is due to improved 
stability which prevents loosening of the filter pack, an increased 
stiffness in the filter medium which limits deformations, and better 
drainage of captured water via the inclined corrugations of the separa- 
tors. The nonuniform distributions in the velocity of air exiting the 
high strength filters were not so pronounced as in the standard filter 
units. 

Results of some preliminary tests (not shown) indicated that'fil- 
ters loaded with particles of soot or activated charcoal fines from io- 
dine adsorption filters, behavedmore like cleanfiltersthanunits loa- 
dedwithfine particle dusts inservice. This indicatesthatnot alltypes 
of Particulate loadings will necessarily reduce the water repellency of 
REPA-filtermedia equally. 
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k 
Filters : new S used 

Dust loaded : 

0 0.2 a5 1 2 5 10 20 h 50 
Exposure time 

Fin.13: Influence of Flow Direction on Increase in Flow Resistance of 
CNTypeFilterUnits at BatedFlow, 20W,and2.5g/m3. 

Large differences inthe rate of Apincreases with the dates of fil- 
terproductionwere noted for clean filters frommostmanufacturers. Suc- 
cess in parametric studies of the behavior of clean filters is judged to 
dependheavilyuponhavingasufficientquantityof filter units fromthe 
same production lot. The scatter in results for dust loaded filters va- 
ried correspondingly very little, once more emphasizingthe dominantin- 
fluence of dustloadingonthe Apincrease. 

Tests attemperaturesupto50oCindicatedinmostcasesthatincrea- 
sing temperature accelerated the rate of pressure drop increase only 
slightly for both clean and loaded filters. That water droplets may not 

'necessarilybeintercepteduniformlyalon thepleatdepthwas oneimpli- 
cation of results frompreliminarytests 'i not shown) with clean filters 
of several depths at various superficial velocities up to values corres- 
pondingtotwotimesdesignflow. 
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Filters: clean. deep pleat 
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Fig. 14: Ranges of Increase in Flow Resistance of Standard and High 
StrengthFilterUnits at RatedFlow, 2OOC, and5g/m3/19/. 

IV. Conclusions 

The test results showthaL tne rate and the extent of pressure drop 
increase fortypicalcleancommercialfilters atratedflowinsupersatu- 
ratedairstreams canvaryappreciablywiththe filter designandmanufac- 
turer as well as with the air humidity. The susceptibility of clean fil- 
tersto such increases canbe reducedbychanges infilterdesign or pleat 
orientation to the airflow that enhance the drainage of water from the 
filtermedium. However, the effectiveness of the improvements studiedso 
far appears to be counteracted by even small loadings of fine dust in the 
filtermedium. Anysuccessinreducingthe sensitivityofdustloadedfil- 
tersto fogrelatedincreases inpressuredropwillhaveto resultfroman 
increase in the surface water repellency of the dust loaded filter me- 
dium. 

The ratherrapidpenetration of waterthroughfilters by seepage in- 
dicates that in applications where water soluble radioactive salts are 
involved, a loss of containment could occurunderfogconditions without 
any structuraldamagetothe filter units. Anddespitetheirhighremoval 
efficiencies, intact KEPA filters canbe dependedupon for only shortpe- 
riodsto prevent the partialreentrainmentof capturedwater; inthe form 
of secondary dropletsgenerated on the downstream surface of the filter 
medium. 

The implementation of a method to quantitatively measure the ave- 
rageliquidwater content of airstreams helpedmake itpossibleto evalu- 
ate filter performance and to establish the existence of reductions in 
the flow resistance of clean filters in supersaturated airflows. A con- 
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tributiontoward obtaining the quantitative empiricaldatarequiredfor 
computer modeling of flow dynamics in air cleaning systems was also 
achieved. 
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DISCUSSION 

KOVACH.’ J. L.: For practical purposes, very few air 
cleaning systems have fan static pressures capable of putting filters 
under the stress that you are showing here. Unfortunately, in some 
cases we can barely get clean air through at lower pressures, not.to 
talk about having the ability to go to this high pressure drop. Maybe 
some of the bad calculations made by some of our architect-engineering 
firms in sizing fans were beneficial to prevent failure of the HEPA 
filters. 

RICRETTgt I would not entirely agree. We ran 
the tests at constant air flow up to rather high differential pres- 
sures; admittedly higher than one would normally be able to attain in 
an air cleaning system. However, we did that in order to have a 
standard basis upon which to evaluate and compare filter performance. 
There would be a problem in an air cleaning system should the filters 
become clogged with water. This would reduce the air flow to such an 
extent that the air cleaning process would no longer meet system 
design specifications despite the filters remaining intact. 

WOILIIELM: In a power reactor station with a 
water cooled reactor, one can imagine that a tube breaks and you get 
steam in a room which is directly connected to an air cleaning system. 
If pressure in the room increases you will develop pressure in the 
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connected air cleaning system. At the same time, you challenge the 
filter with water. That is, exactly, one of the situations we are 
looking at. Other situations come from operations other than at the 
reactor, such as reprocessing. We found high pressure differentials 
on filters, especially when the filters got wet by just dropping the 
temperature to below the dew point, as may happen in power stations. 
One example is a power station in the far north of Europe where the 
ducts run through the cool outside air with a temperature of more thal 
30 degrees below zero. This is an extreme example but it is not too 
extreme to mention with a major break in a water cooled reactor. 
This is one of the reasons the work was done. 

KOVACH. J. L l Do you think that this work will now 
convince our*&ropean colleagues to follow the good American example 
and put moisture separators into their air cleaning systems? : 

WILHELM: If you believe that the HEPA filters 
will be challenged by extreme conditions, the procedure now is to 
protect the HEPA filters from the atmosphere to be cleaned. There- 
fore, we dry the atmosphere, we condense the water, we heat up the 
atmosphere again, we have a pressure wall for when we have to expect 
higher pressure differential, and so on. Most of the measures requir' 
energy and it is not'inconceivable to think about developing filters 
that can withstand those challenges in the first place. 

HYDER: What was the mass loading of dust anc 
soot on the filters in g/m*? 

RICKBTTS: For filters loaded with dust in 
normal service to pressure drops of between 300 and 1000 Pa at 1700 
m3/h and less than 70% RH, the mass loadings were established to lie 
in the range of 5 to 20 g/m*. Correspondingly, the values for soot- 
loaded filters, as measured at an air relative humidity of about 60%, 
were 5 to 30 g/m* for pressure drops of 750 to 1400 Pa. These figure: 
don't account for the higher water content of the soot, present durin 
the artificial loading of the filters with the combustion products of 
oil or electrical cable insulation fires. Values reflecting the 
additional adsorbed moisture at the higher air relative humidities 
during loading could have been higher by as much as 50% for the mass 
loadings and 10% for the pressure drops. 

BERGMAN: Do you agree with the proposition 
that structural failure in HEPA filters is primarily due to water 
clogging? Three examples support this proposition: (1) dust deposits 
cause earlier HEPA failure than soot deposits because dust absorbs 
more water than soot; (2) aged HEPA filters are destroyed easier than 
new HEPA filters primarily due to the lack of chemicals that prevent 
water absorption and (3) increased water challenge causes earlier HEP 
failure. 

RICKBTTS: We would agree that the clogging of 
filters with water is one of two phenomena which contribute to filter 
structural failure in high humidity airflows. The blockage of the 
filter medium pores with water leads to an increase in pressure drop 
which results in higher mechanical loads on the filter pack at a give 
airflow. Additionally however, the presence of liquid water in the 
filter medium, even in quantities much less than that required to 
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produce a clogged condition, will severely reduce the structural 
strength of the filter pack. Thus the structural load on the pack 
increases at the same time that the pack strength decreases. As 
measured by the filter pressure drop, the decrease in strength gener- 
ally seems to be a factor of two to four times greater than the' 
increase in mechanical loading at failure. Decreases in filter medium 
water repellency due to aging and dust loading, as you point out, 
accelerate the incorporation of water from supersaturated airstreams 
into the fiber matrix and consequently increase the moisture's adverse 
effects. And as you suggest, there appears to be a correlation 
between higher air humidities and shorter exposure times prior to 
failure. It is also evident that the pressure drop at which failure 
will occur tends to decrease with longer durations of exposure to 
humid airflow. 

KOVACH, J. L l Most U.S. air cleaning systems would 
not be able ;i raise the pressure drop through the HEPA bank to reach 
a failure; they would stop airflow. A typical rise is from 1" to 2" 
w.g. Will this type of data convince European colleagues to use 
demisters? 

RICKETTS: Your question raises several impor- 
tant points.. We agree that the test results presented here involve 
filter pressure drops greater than those which could be generated by 
the blowers in a typical nuclear air cleaning system. According to 
the Nuclear Air Cleanina Handbook, however, filters in U.S. facilities 
are routinely loaded with dust up to 4-5 in.w.g. (1000 - 1250 Pa), 
somewhat higher than figures of l-2 in.w.g. As a result of humidity 
effects, the filters could become the air cleaning system components 
with the greatest flow resistance. Should the pressure drop across 
them increase enough to cause a decrease in flow, an additional 
increase of several inches water gauge must be allowed for, despite 
the reduced airflow. This would result not only because of the 
blower's characteristic curve but also from the fact that the sum of 
the decreases in pressure drop of other components, due to the lower 
flow, would become available to appear as an increase at the filters. 
It was also taken into consideration that higher than fan-generated 
pressure drops could result from expanding steam released during a 
LCCA. Although filter failure due to high humidity airflow was not the 
objective of the tests reported on here, in our opinion it still 
remains a serious problem, even in so-called normal operations that 
involve exposure to high air humidity. The report from Mr. Carbaugh 
of Pacific Northwest Laboratories in 1981 on field experiences with 
HEPA filters, or the series of articles by Dr. Moeller in Nuclear 
Safetv between 1975 and 1983 on problems in air cleaning systems, 
provide cause for concern. Unfortunately, similar instances in Europe 
have not been so well documented or publicized. Although not verifi- 
able as having been moisture related, random and repeated unexplained 
failure of mini-pleat filters in normal service led KfK almost ten 
years ago to discontinue purchases of filters of this design altoget- 
her. 

Previous full-scale tests at KfK with high humidity airflows have 
confirmed the potentiality of the failures to be found in the litera- 
ture for filters in actual service. At design flows, instances of 
failure have been observed at pressure drops as low as 400 Pa. Even 
when the need for adequate safety margins is not regarded, this is 
well below the 1000 Pa that filters should be able to sustain for dust 
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loading purposes alone. Filter units of the mini-pleat design, aged 
deep-pleat filters, and those with previous exposure to high air 
humidity appeared to be the most susceptible to the lower failure 
pressures. Failures for dust-loaded deep-pleat units have been 
recorded for air humidities as low as 50% RR. This is below the lower 
limit of demister effectiveness, i.e., 100% RR. With regard to 
European enthusiasm for the American concept of demisters with down- 
stream heaters located upstream of HEPA and iodine filters, we can 
only speak for the situation in Germany. The containment buildings of 
all German pressurized water reactors completed within the past ten 
years or so are equipped with emergency recirculating air cleaning 
systems essentially equivalent to the Standby Gas Treatment Systems of 
the U.S. NRC Regulatory Guide 1.52. 

As this leaves some relevant questions yet unanswered, why, despite 
the development of water repellant filer media and the concept of 
demisters with downstream air heaters, do reports of filter failures 
attributed to moisture continue to appear in the literature? Given 
that most of these occurred during otherwise B8normalV@ operations, one 
could also ask what these incidents portend for a LGCA that results in 
the sudden release of large volumes of steam within a containment 
building. 

. 
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